Figs. S1 to S5 10 Table S1 11 References for SI reference citations into polytetrafluoroethylene-polymer jars and inserted into a pre-cooled pressure cell. The cell was immediately after immersed 18 into a cold bath at the intended formation temperature and equilibrated for about 10 min. Methane at a pressure of about 60
19 bar was applied and kept at this level for the duration of the reaction, about 3-4 weeks. Temperature was kept below the 20 melting point during the first week, then it was increased in order to enhance molecular mobility and kept slightly above 21 the melting point of water during the rest of the formation reaction. The average methane occupation of samples prepared 22 following this procedure is high and reproducible; it was found to be 0.86 molecules for the small cage and 0.99 molecules for 23 the large cage by synchrotron x-ray diffraction (2). Samples prepared following this procedure had no detectable grain texture 24 or crystallographic orientation and the bulk of the crystallites are 2-4 µm in size (3).
25
Experimental details. For the Raman spectroscopy measurement up to 150 GPa, we used a symmetric Mao-Bell-type DAC 26 and ultralow-fluorescence type IIs synthetic diamonds with a 100x300 µm bevelled culet. A 250 µm-thick rhenium gasket was 27 indented to about 30 µm-thickness, and a 40 µm diameter hole (the sample chamber) was drilled in the centre of the indent 28 using a laser drilling apparatus. Sample loading was performed in a liquid nitrogen bath in a portable glovebox under nitrogen 29 atmosphere. Piston and cylinder were cooled down to liquid nitrogen temperature and a small amount of sample was loaded in 30 the sample chamber, paying attention to fill the sample chamber as much as possible. The DAC was closed and pressurized 31 outside the liquid nitrogen bath to avoid large quantities of N 2 . The Raman-active vibron from N 2 was not observed in our 32 spectra. The closed cell was finally warmed up from liquid nitrogen temperature to room temperature and the pressure of the 33 sample was found to be 3-4 GPa. Raman spectra were collected at room temperature upon pressure increase to 150 GPa.
34
Compression rate was typically 3-4 GPa/h.
35
We used a commercial Horiba Jobin-Yvon LabRam HR800 Raman spectrometer in a backscattering geometry equipped were collected using two switchable gratings. The first grating (600 grooves per mm) was used to acquire spectra over a wide 39 wavelength range between 100 and 4500 cm −1 with a resolution of 1.5 cm −1 half-width-half-maximum. The second grating
40
(1800 grooves per mm) was used to acquire spectra over a narrower wavelength range between 100 and 1300 cm −1 with a 41 resolution of 0.5 cm −1 half-width-half-maximum. Background spectra were recorded at each pressure from the gasket close
42
to the sample chamber. Pressure was estimated by the shift of the Raman peak from the stressed tip of the diamond anvils.
43
The minimum of the derivative of the Raman signal measured in the center of the culet was considered as the edge of the 44 band and pressure was calculated from this position using the calibration of Akahama and Kawamura (4). The error on this 45 estimation is certainly dominated by the fact that there must be a pressure gradient in the sample due to the shear strength 46 and expected to be 5 GPa at most at the highest investigated pressure of this study (150 GPa), based on our experience. In 
51
Raman spectra, data extraction. The transfer function of the spectrometer was measured using a radiometric calibration source 52 at each spectrometer configuration, and the intensity of Raman spectra was normalized prior to any treatment. Fig. S1 shows 53 our spectra after this normalization. Raman peaks were fitted by Pearson VII function of the form :
where A is the amplitude of the line, f0 its position and ω its width. The parameter m allows for variation of the lineshape, 56 which will be Lorentzian for m = 1, and Gaussian if m → ∞. Asymmetry is introduced by letting the width vary according to 57 a sigmoidal function:
where ω0 is the width of the line and a the asymmetry parameter. We systematically checked whether the asymmetry was 60 significant, and alternative scenarios were tested by fitting lines either with a higher number of symmetric lines or a lower 61 number of asymmetric lines and the accepted solutions were those where a smaller number of parameters gave similarly good 62 fits. We used smooth polynomial baselines to account for background fluorescence, chiefly stemming from the diamonds.
63
Following the lines emerging around 100 GPa needed some care as they are close to a spurious line at 897 cm −1 , a signal 64 coming from the coating of the objective. This contaminating signal is indicated by the grey vertical on Figure 1 (main text).
65
As the spurious line is pressure-independent, its parameters were estimated from curves measured at low pressure and this was 66 subtracted from the observed spectra before fitting the remaining signal with two symmetric Pearson VII lines. Starting from to extract vibrational spectra, on the one hand, and PI+GLE to obtain quantum distributions at equilibrium, on the other 108 hand.
109

Specific structural features of MH-III and MH-IV
110
The computed evolution of the lattice parameters of the methane hydrate upon compression is given in figure S2 .
111
We investigated the structural similarities between the D2O network in methane hydrate phases III and IV with respect to 112 ice Ih through the topological distance D X as given by :
where N is the number of atoms; r 
117
As described in the main paper, the methane tetrahedral angle distortion decreases when the MH-III → MH-IV transition 118 occurs. However, upon further compression the methane molecules in the MH-IVs phase recovers a large tetrahedral angle 119 distortion (see Fig. S3 ). Such a distortion lifts the degeneracy of symmetric and anti-symmetric stretching modes of methane.
120
The latter ones are better described as a band whose amplitude is related to the measured evolution with pressure of the 121 FWHM methane stretching modes (see the main text). Moreover, as shown in figure S4 , the frequencies of CH 4 stretching 122 modes vs pressure, as obtained from the Raman spectra, are better accounted for by those computed for the MH-IV phase,
123
from 40 up to 150 GPa.
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As far as the hydrogen bonds in the D2O network are concerned, they are characterized via the order parameter χ, defined 125 in the main text. A maximum of the related probability distribution at χ = 0 defines the symmetric hydrogen bond. As
126
shown in figure S5 , we found a significant difference between the classical and quantum probability distributions of the order 127 parameter χ around 40 GPa. Moreover, the transition pressure to symmetric hydrogen bonds is appreciably downshifted by 128 about 15 GPa with respect to classical molecular dynamics when using PI+GLE. This shows that it is compulsory to account 129 for nuclear quantum effects when a detailed description of the ice networks in both MH-III and MH-IV phases is needed. Table S1 , together with their 2θ values. Intensities calculated using the structural parameters of 
